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DESIGN OF A LARGE BATTERY PACK FOR A HYBRID LOCOMOTIVE 

FIELD 

The present invention relates generally to the design of a large battery pack suitable 
5 for a hybrid locomotive and specifically to a battery pack using forced convection cooling. 

BACKGROUND 

The use of energy storage batteries in combination with a generator is known for 
automobiles, buses and other road and highway vehicles. Electric batteries have been used 
10 to store electric power to drive electric locomotives as, for example, disclosed by Manns in 
US 1,377,087 which is incorporated herein by reference. Donnelly has disclosed the use of 
a battery-dominant hybrid locomotive which has a ratio of energy storage capacity to 
charging power in the range of 4 to 40 hours in US 6,308,639 which is also incorporated 
herein by reference. 

15 One of the principal objectives of hybrid locomotive design is to operate the 

locomotive in such a way as to maximize the lifetime of its energy storage unit. This is 
because the cost structure of an energy storage unit such as for example a battery pack or 
capacitor bank is primarily one of capital cost and secondarily of operating costs. It is 
known, for example, that operating a lead-acid battery pack in a preferred state-of-charge 

20 ("SOC") range or with a preferred charging algorithm or with both tends to extend 
serviceable lifetime of cells in cyclical service towards that of float service. 

Large energy storage battery systems are known, for example, from diesel submarines. 
In this application, a pack of large storage batteries are used to provide power principally 
when the submarine is operating underwater. These submarine battery packs are designed 

25 to provide high energy storage capacity for extended underwater operations during which the 
battery pack cannot be recharged. Battery pack cost and lifetime are generally not major 
concerns. 

In the late 1990s, a large stationary battery system was installed at the island village 
of Metlakatla, Alaska. The 1 .4 MW-hr, 756 volt battery system was designed to stabilize the 
30 island's power grid providing instantaneous power into the grid when demand was high and 
absorbing excess power from the grid to allow its hydroelectric generating units to operate 
under steady-state conditions. Because the battery pack is required to randomly accept power 
as well as to deliver power on demand to the utility grid, it is continuously operated at 
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between 70 and 90% state-of-charge. Equalization charges are conducted during 
maintenance periods scheduled only twice each year. 

It has long been thought that to achieve optimum life and performance from a lead- 
acid battery, it is necessary to float the battery under rigid voltage conditions to overcome 
5 self-discharge reactions while minimizing overcharge and corrosion of the cell's positive 
grid. This has resulted in batteries being used primarily in a standby mode. As used in a 
hybrid locomotive or as a power grid storage and control system, the battery is rapidly and 
continuously cycled between discharge and charge over a preferred range of total charge. 
It has been possible to assess aging and performance capabilities over time in this 

10 controlled cycling type of service by detailed monitoring. Data has been generated to 
demonstrate the long-term viability of cells in this type of use, performing functions such as 
load leveling, peak shaving and power quality enhancement. Detailed examination of the 
cells plates and separators have shown little wear indicating that controlled operation such 
as described above can result in battery lifetimes that can approach design lifetimes 

15 associated with float service. 

However, there remains a need for a more comprehensive procedure suitable for 
designing large battery pack assemblies with long lifetimes for hybrid locomotives that 
satisfies a number of diverse requirements for locomotive performance, maintenance, safety 
and cost-effective operation. 

20 A principal design objective for many applications is maximum energy storage 

capacity. When this objective is achieved, the power output of the battery pack is usually 
more than sufficient. In many applications, a principal design objective is low capital and 
operating cost. This usually means a lead-acid battery with some compromise in power or 
capacity. Li applications such as hybrid locomotives used as yard or road switcher 

25 locomotives, or commuter locomotives, maximum power out is a principal design objective. 
A further principal design objective is battery pack lifetime since this directly relates to the 
unit cost of power supplied indirectly through a battery system. 

The design objectives of a large battery pack for a hybrid locomotive has a unique set 
of problems to achieve its principal design goals of high storage capacity, high power on 

30 demand, cyclical operation, long lifetime and a cost effective design for a large battery pack. 
These obj ectives must be met on a locomotive platform subj ect to shock and vibration as well 
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as extreme changes in ambient temperature conditions. There therefore remains a need for 
a battery design for a hybrid locomotive that is capable of operation requiring a combination 
of high storage capacity, high power capability for rapid acceleration, long battery pack 
lifetime, and a low cost capital and replacement cost structure under diverse locomotive 
5 operating environments. These and other objectives are met by the design approach 
described in the present invention. 

SUMMARY 

These and other needs are addressed by the various embodiments and configurations 
10 of the present invention. The present invention is directed generally to a method for design 
and operation of an energy storage battery pack for a large hybrid vehicle such as a hybrid 
locomotive, maritime vessel, hybrid bus, hybrid subway or hybrid light rail vehicle. The 
method disclosed herein may also be applied to an energy storage unit comprised of energy 
storage capacitors. 

15 In a preferred embodiment of the present invention, a battery pack is designed to 

maintain cells within a specified temperature difference of all other battery cells by removing 
thermal energy generated within individual cells by forced convective cooling means applied 
to selected outside surfaces of the cells. The temperature operating range for a large hybrid 
locomotive battery pack is typically between minus 40°C and plus 45°C. The temperature 

20 differential between any individual cells is preferably less than about 5°C and more 
preferably less than about 3°C. The temperature of individual battery cells is maintained by 
placing one to several battery cells inside an isolation container and forcing a moderate flow 
of air along the sides of the batteries, preferably the sides of the cells perpendicular to the 
orientation of the internal plate pairs. This practice extends the useful lifetime of the battery 

25 pack as a whole. 

In this embodiment, isolation containers are arranged to form a module or battery 
pack in such a way as to substantially maximize the cooling efficiency while maintaining the 
ability to compactly stack isolation containers and/or battery modules and maintain low 
resistance in the main current connections. Cooler air is circulated from the bottom of the 

30 battery pack, around the battery pack modules, and to the top of the battery pack so as to 
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more evenly distribute the temperature of the air that is then forced through individual 
isolation containers. 

Warm air is expelled from the battery pack compartment to the outside, and cooler 

air is inputted to the battery pack compartment when the outside air temperature is less than 
5 that of the air in the battery pack compartment on hot days. On very cold days, it is desirable 

to restrict the flow of warm air from the battery pack compartment to the outside and intake 

cooler air to the battery pack compartment only as necessary so as to maintain the 

temperature of battery pack compartment air as low as possible within a predetermined 

operating temperature range. 
10 The above three air control procedures are designed to maintain individual battery 

cells at close to the same temperature while also controlling the overall operating temperature 

range of the battery pack in relation to extreme ambient temperature. 

In another aspect of this embodiment, the use of isolation containers is integrated with 

a means to isolate cells from mechanical shock and vibration, such as is commonly 
1 5 experienced in rail systems. This control of mechanical environment also acts to extend the 

lifetime of the battery cells and the battery pack as a whole. 

In another aspect of this embodiment, the use of isolation containers also results in 

a system where a fire or meltdown of individual battery cells can be readily controlled with 

minimal or no effect on the rest of battery pack. 
20 In another aspect of this embodiment, the use of isolation containers also results in 

a system where battery cells can be readily inspected, serviced and/or replaced no matter 

where in the battery pack they are located. 

In another aspect of this embodiment, the use of isolation containers can be 

configured to provide electrical isolation of individual battery cells from each other so as to 
25 avoid the possibilities for inadvertently shorting out battery cells. This design feature is 

important in a battery pack where the cells are commonly connected electrically in series so 

there can be a large voltage drop across the battery pack. This feature also acts to extend the 

lifetime of the battery cells, and the battery pack as a whole, by minimizing or eliminating 

inadvertent short circuits. 
30 In a second embodiment, a combination of procedures is disclosed for maximizing 

the ampere-hour lifetime of a battery pack. First, individual battery cells are maintained 
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within a specified temperature differential as described above. Second, the temperature level 
of all the cells is maintained within a second predetermined range by controlling the inflow 
and outflow of air to the battery pack compartment in response to ambient temperature 
conditions. Third, the shock and vibration environment of individual battery cells are 
5 controlled within predetermined maximum values . Fourth, the battery pack is operated such 
that its state of charge ("SOC") is preferably between 20% to 95% and more preferably 
between 50% and 95%. This practice reduces the tendency of the condition of individual 
battery cells to diverge, thereby requiring fewer equalization charges which can reduce 
overall battery pack lifetime. Fifth, the battery pack is operated to avoid deep discharging 

1 0 the battery cells for example below 20% SOC so as not to cause unnecessary level of stress 
on the cell plates which tends to reduce battery lifetime. Sixth, when it is necessary to 
overcharge the battery pack (perform an equalization charge), a current interrupt charging 
algorithm is used. This is known to significantly extend battery cell lifetime because it 
allows the cells to cool down during charging and avoid the oxygen recombination cycle 

15 which leads to early failure of the negative plate by oxidation of the sulfuric acid to sulfate. 
Seventh, it is also preferable to perform equalization charges at a high rate of current so as 
to more evenly pass current through the plates, a practice which is also known to extend cell 
lifetime. 

When all of the above procedures are followed at least for most of the operational 
20 lifetime of the battery pack, the lifetime of the battery pack can be extended as measured by 
the equivalent full discharge cycles calculated for the battery pack. This extension in lifetime 
then directly reduces the cost to store energy in the battery pack since the capital cost of the 
battery pack is typically 90% or more of the total cost (capital plus operating) of the battery 
pack. 

25 These and other advantages will be apparent from the disclosure of the invention(s) 

contained herein. 

The above-described embodiments and configurations are neither complete nor 
exhaustive. As will be appreciated, other embodiments of the invention are possible 
utilizing, alone or in combination, one or more of the features set forth above or described 
30 in detail below. 
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The following definitions are used herein: 

A "battery cell" is an individual sealed or vented unit comprised of one or more 
internal plate assemblies, each plate assembly comprised of a negative plate, a separator 
material and a positive plate. The battery cell may have one or more external negative and 
5 positive terminals. 

A "plate pair" is the basic unit of a cell and is comprised of a negative plate, a 
separator material and a positive plate. When the separator is impregnated with an 
appropriate electrolyte, a voltage typical of the particular battery chemistry is developed 
between the positive and negative plates. In a lead-acid battery, this voltage is typically about 
10 2.13 volts at full charge. 

A "battery rack" is a mechanical structure in which battery cells are mounted. 

A "battery module" is a collection of cells mounted in a battery rack frame assembly 
of convenient size. 

A "battery pack" is an assembly of many individual battery cells connected 
1 5 electrically. The assembly may be comprised of subassemblies or modules comprised of 
individual battery cells. The battery pack usually, but not always, has one overall positive 
and negative terminals for charging and discharging the cells in the pack. 

"Float service" as applied to a battery means operating the battery under rigid voltage 
conditions to overcome self-discharge reactions while minimizing overcharge and corrosion 
20 of the cell's positive grid. 

"At least one", "one or more", and "and/or" are open-ended expressions that are both 
conjunctive and disjunctive in operation. For example, each of the expressions "at least one 
of A, B and C", "at least one of A, B, or C", "one or more of A, B, and C", "one or more of 
A, B, or C" and "A, B, and/or C" means A alone, B alone, C alone, A and B together, A and 
25 C together, B and C together, or A, B and C together. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a schematic side view of a prior art assembly of a battery pack, generator 
and ballast installed on a locomotive frame; 
30 Figure 2 is schematic of a large battery pack illustrating its principal divisions and 

components as used in the present invention; 
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Figure 3 which is an isometric view of a single isolation container of the present 
invention; 

Figure 4 shows an alternate isometric view of a single isolation container; 
Figure 5 shows both end views of an isolation container; 
5 Figure 6 shows a cutaway isometric view of batteries and clamps as positioned in an 

isolation container; 

Figure 7 shows an isometric view with batteries and electrical connections; 
Figure 8 shows an end view showing forced air flow channels; 
Figure 9 shows an end view of a two module battery pack with electrical connections; 
10 Figure 10 shows an isometric close-up view of an extended isolation containers and 

battery cells; 

Figure 1 1 shows a schematic of a possible air flow around a battery pack; and 
Figure 12 shows a schematic of a possible air flow through an isolation container 

1 5 DETAILED DESCRIPTION 

The energy storage capacity of a battery cell can be characterized by its ampere- 
hour rating. The lifetime of the battery cell can also be characterized by a number of ampere- 
hours throughput of expected service. For example, a lead-acid battery cell may have a 
capacity rating of 1,500 ampere-hours and a lifetime estimated at 1.5 million ampere-hours 

20 total throughput. The ratio of expected lifetime to storage capacity is therefore equivalent 
to the number of cycles of full discharges that the battery cell can deliver over its lifetime. 
In the example above, this would be 1,000 full discharge cycles. This does not necessarily 
mean the battery cell can actually be fully discharged 1,000 times but it is a means to 
characterize the lifetime of the battery cell under the operating conditions recommended to 

25 achieve its specified lifetime. This method of estimating lifetime for a battery is appropriate 
to batteries that are continually discharged and recharged (cycled) during service, where the 
discharging and recharging maybe held within a predetermined range that need not include 
full discharging and recharging. This can be contrasted to float service where the battery is 
operated under rigid voltage conditions which usually results in a lifetime measured in years 

30 of operation rather than in equivalent full discharge cycles. 
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An objective of hybrid locomotive design is to operate the locomotive in such a way 
as to maximize the lifetime of its energy storage unit. This is because the cost structure of 
an energy storage unit such as for example a battery pack or capacitor bank is primarily one 
of capital cost and secondarily of operating costs. It is known, for example, that operating 
5 a lead-acid battery pack generally within a predetermined range of state-of-charge ("SOC") 
range (for example from about 50% to about 95%) as well as applying known charging 
algorithms and procedures, applying , tends to extend serviceable lifetime towards that of 
float service. 

In addition to operating the battery pack as described above, it is important to 

10 maintain all individual battery cells under nearly identical conditions, such as operating 
temperature for example, so that individual cells can age at approximately the same rate by 
minimizing the number of equalization charges that are required. When individual battery 
cells are exposed to substantially different environments, they may diverge in performance 
because of, for example, different reaction rates on the plates as a result of differing operating 

15 temperatures. The corrosion rates observed on battery plates are known to be temperature 
dependent so maintaining individual battery cells in a battery pack at approximately the same 
temperature reduces the uneven buildup of corrosion on the battery cell plates thereby 
extending the useful lifetime of the battery pack as a whole. From time to time, these 
diverging cells can be brought back into rough balance by applying one or more equalization 

20 charges. A large number of equalization charges is known to reduce the lifetime of all the 
battery cells. This has always been a problem in large battery packs since the battery cells 
in the interior of the battery pack are much more thermally insulated than cells on the outside 
of the battery pack and therefore tend to operate at a higher temperature than cells on the 
outside of the battery pack. The present invention overcomes this thermal variation amongst 

25 individual cells. When coupled with the practice of operating the battery pack in a 
predetermined SOC range, the operating lifetime of the battery pack can be extended further. 

In order to be cost-effective for application to rail and other transportation hybrid 
systems, an energy storage unit must be: 

■ packaged to conform to vehicle load and weight distribution requirements 

30 ■ readily serviceable, especially for replacement of individual energy storage 

components 
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■ capable of its desired energy storage capacity and power output performance 

■ able to withstand mechanical loads especially vibration and shock 

■ able to conform to various safety regulations especially with respect to 
overheating of battery cells that can lead to meltdown and/or fire 

5 ■ able to operate in extreme ambient environments without serious effect on 

equipment lifetime. 

■ resistant to electrical ground faults by improved electrical isolation 

The following is a description of a hybrid locomotive battery pack design that utilizes 
a forced air convection system to provide cooling for battery cells by employing isolation 

1 0 containers. The use of isolation containers also addresses shock and vibration mitigation for 
the cells; improves electrical isolation of the cells from one another; allows access for 
inspection, maintenance and cell replacement; and provides a means of fire containment 
through isolation of small numbers of battery cells in the event that one or more cells begins 
to degrade or fail. This latter is an important consideration since a large battery pack can be 

15 comprised of about 50 to 500 large battery cells electrically connected in series. As can be 
appreciated, when all the cells are connected electrically in series, the current through each 
cell is the same as the output current of the battery pack, so a degrading or failed cell can 
rapidly become a thermal energy hotspot that can cause locomotive shut down or lead to a 
cell meltdown and potential battery pack fire. 

20 Figure 1 is a schematic side view of a battery pack, engine and ballast installed on a 

locomotive frame 300. The hybrid locomotive 300 has an operator's cab 301 . Alternatively, 
this arrangement of engines, batteries and ballast may be used on a cabless hybrid 
locomotive. The engines 303 are typically located near the front of the hybrid locomotive 
300 but, as can be appreciated, can be located elsewhere on the locomotive deck. The battery 

25 pack 304 typically occupies the largest volume in the hybrid locomotive 300 and usually 
represents the greatest weight component in the power pack. The battery 304 is therefore 
usually placed near the center of the locomotive frame to best distribute weight over each 
truck assembly 302. Often, the weight of the battery pack 304 is not sufficient to provide the 
required locomotive weight for best traction and so ballast 305 must be added. The ballast 

30 305 may be placed to even out the weight distribution over the truck assemblies 302. The 
ballast 305 may be comprised of inert weight such as for example lead blocks or it may 
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comprised of useful weight such as for example spare battery cells. A battery pack for a large 
hybrid locomotive may weigh as much as about 50,000 kg. Typically, a large battery pack 
is comprised of a least one module. The total weight of the module is preferably in the range 
of 1,500 kg tol5,000 kg. Each module must be able to be removed by means such as for 
5 example an overhead crane, a forklift or a mobile crane. The weight distribution of the 
battery pack when installed on a locomotive frame is such that the distribution of weight of 
the battery pack on each axle of the locomotive is preferably in the range of about 15,000 kg 
to 30,000 kg. The need for additional ballast to be added to balance the weight distribution 
of the battery pack on the locomotive, the weight of ballast being no more than about 50% 

10 of the weight of the battery pack. The weight distribution of the battery pack and the 
additional ballast is sufficient to permit a tractive effort per driving axle in the range of 0 to 
about 20,000 lbs force to be achieved for a rail adhesion coefficient of about 1 8% or greater. 

Figure 2 is a schematic of a large battery pack 401 illustrating its principal divisions 
and components as used in the present invention. A module is comprised of at least eight 

15 isolation containers. The total weight of an isolation container is preferably in the range of 
about 1 50 kg to 570 kg. Each isolation container must be able to be removed by means such 
as for example an overhead crane, a forklift or a mobile crane. The number of battery cells 
in an isolation container is at least two and may be as high as six, depending on the size and 
weight of the individual cells. The total weight of an individual cell is preferably in the range 

20 of about 70 kg to 120 kg. A battery cell must be able to be removed by means such as for 
example an overhead crane, a forklift, a mobile crane or manually by including lifting 
handles on the battery cells . The battery pack 40 1 shown in this example is comprised of two 
modules 402. The size of the battery pack 401 can be made larger by adding additional 
modules 402. Each module 402 is comprised of a number of isolation containers 403 which 

25 are shown here as long rectangular containers or drawers. Each isolation container 403 
houses one or more individual battery cells 404 which are shown in the cutaway view of the 
top right drawer. Four individual battery cells 404 are shown in each drawer 403 in this 
example. 

An important component of a preferred embodiment of the present invention is an 
30 isolation container in which a relatively small number of battery cells are housed. The 
number of cells housed in an individual isolation container are preferably between 1 and 10 
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and more preferably between 3 and 5. Expressed alternately, the energy storage capacity of 
the cells housed in an individual isolation container is preferably between approximately 
2,000 and 20,000 kW-hours, where the capacity is based on a 10 hour discharge time. 

The isolation container is preferably made from a high strength, high heat conducting 
5 metal such as for example a steel alloy, an aluminum alloy and the like. This type of material 
is preferred because it provides mechanical strength which is retained if the batteries 
contained within overheat and melt down. It also provides high heat carrying capacity to help 
carry away and distribute heat throughout the battery pack if the batteries inside overheat and 
meltdown. 

1 0 The batteries housed inside the isolation container may be mounted using shock and 

vibration resistant clamps which keep the batteries firmly in their desired position while 
mitigating any mechanical vibration and shock loading experienced by the battery pack as 
a whole. The clamps also allow the batteries to stand off from the isolation container walls 
so that cooling air can be forced past the battery walls. The clamps also function to provide 

1 5 electrical isolation of battery cells and bus bars as will be discussed below. The battery pack 
and its components are preferably capable of normal operation under shock loading of no less 
than 2 times the acceleration due to gravity (2 gs). Individual cells are preferably able to 
withstand shock loading of no less than 2 gs and a constant vibration loading of no less than 
0.00003-m deflection at 100 cycles per sec and 0.03-m deflection at 1 cps, and in between 

20 being approximately linear on a log-log plot. 

It is preferable to design a battery pack having a life expectancy expressed as a 
number of equivalent full discharge cycles greater than 500, more preferably a number of 
equivalent full discharge cycles greater than 1,000 and most preferably a number of 
equivalent full discharge cycles greater than 1,500. It is also preferred to design a battery 

25 pack having a period between routine servicing expressed as a number of equivalent full 
discharge cycles greater than 100 and more preferably greater than 500. 

Finally, the isolation container is of a size and weight that can be lifted and moved 
by available, equipment such as for example a dolly, a forklift or a portable crane. The 
isolation container preferably weighs between approximately 100 kilograms and 1,000 

30 kilograms. 
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An example of such an isolation container is shown in the following sequence of 
figures which illustrate one of many possible configurations for a battery pack or capacitor 
bank comprised of isolation containers that form an embodiment of the present invention. 
Figure 3 which is an isometric view of a single isolation container 500 of the present 
5 invention. The isolation container 500 is shown as a sheet metal drawer 501 with a handle 
502 for moving the drawer 501 into and out of a module frame (not shown) and an electrode 
505 for connecting the battery cells in the drawer 501 to an adjacent or nearby drawer (not 
shown). The polarity of the electrode 505 is opposite from the polarity of the electrode 
extending from the drawer end not shown in this view. The drawer 501 in this example 

10 contains 3 large energy storage batteries and may have removable top covers 503 for 
inspection, servicing and/or replacement. The drawer 50 1 is shown with a fan 504 which can 
blow or suck air through the interior of the drawer 501 . There maybe another fan or a vent 
hole in the drawer end not shown in this view. The fan 504 and the vent hole (not shown) 
may also, if necessary, have shutters that open when the fan 504 is operative and close when 

15 the fan is off so as to further isolate the interior of the container 500. 

Figure 4 shows an alternate isometric view single isolation container 600. The 
isolation container 600 is shown as a sheet metal drawer 601 with a handle 603 for moving 
the drawer 601 into and out of a module frame (not shown) and an electrode 604 for 
connecting the battery cells in the drawer 601 to an adjacent or nearby drawer (not shown). 

20 The polarity of the electrode 604 is opposite from the polarity of the electrode extending from 
the drawer end not shown in this view. The drawer 601 in this example contains 3 large 
energy storage batteries and may have removable top covers for inspection, servicing and/or 
replacement. The drawer 601 is shown with a vent hole 602 which can pass air blown or 
sucked through the interior of the drawer 601 . As discussed below, the vent hole 602 may 

25 be affixed with a fan or a shutter which, when an overheating, meltdown or fire event occurs 
inside the isolation container 600, can act to further isolate the battery cells inside the 
isolation container 600. 

Figure 5 shows both end views of an isolation container. Figure 5a shows a front 
view illustrating the container walls 701, front plate 705, drawer handle 702 and electrode 

30 710. In this example, a forced air convection fan 703 is mounted on the front plate 705. 
Figure 5b shows a rear view illustrating the container walls 701, rear plate 706, a drawer 
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handle 702 and electrode 711 which is opposite in polarity to electrode 7 1 0. In this example, 
a forced air convection exit hole 704 is formed into the rear plate 706. 

Figure 6 shows a cutaway isometric view of batteries 903 and clamps 901 and 902 
as they would be positioned in an isolation container. Three batteries 903 are shown in this 
5 example. The top clamp 901 is made of three parts, each of which contain cutouts for battery 
pressure relief vents 906 and other protruding components, such as lifting handles 907, of the 
battery cells 903. In addition, there is a gas flow channel 908 molded into the top clamp 901 
that is in communication with one or both of the air flow ducts along the sides of the battery 
cells. This gas flow channel 908 allows gases vented from the vents 906 to escape into the 

1 0 interior of the isolation container where they will be carried off by the forced convention air 
flow along the sides of the battery cells. The gas flow channel is shown more clearly in the 
end view of Figure 8. The bottom clamp 902 is shown in this example as a single piece with 
battery-to-battery separator tabs 904 and battery end tabs 905 molded as part of the lower 
clamp 902. The separator tabs 904 and end tabs 905 hold the batteries in position along the 

1 5 length of the drawer. In this example, the top clamp 901 is molded with a structural channel 
cross-section so that the flanges 911 of the structural channel allow the battery cells to be 
centered in the drawer. The bottom clamp 902 is also molded with a structural channel cross- 
section so that the flanges 912 of the structural channel allow the battery cells to be centered 
in the drawer in synchronization with the top clamp 901. The structural channel cross- 

20 sections of the top and bottom clamps are more clearly shown in the end view of Figure 8. 
The clamps 901 and 902 are preferably made of a material that is tough, mitigates shock and 
vibration and is an electrical insulator. Such materials maybe any one of several elastomer 
compositions such as for example certain urethane compositions, butyl and neoprene rubbers. 
Cast urethane, for example, is such a preferred material. Other materials include but are not 

25 limited to polyethylenes, nylons and teflons. Fire resistant and/or fire suppressant capabilities 
are further desired characteristics of the clamp material. For example, sodium bicarbonate 
can be used as a filler material for cast urethane. When heated beyond the melting 
temperature of the battery case material, the clamp material containing sodium bicarbonate 
will emit carbon dioxide which will tend to suppress any fire originating from a battery cell 

30 meltdown. An isolation container preferably has provisions for isolation and containment 
of no less than 5 kW-hrs of energy storage capacity in the event of a battery cell meltdown 
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or battery fire. Another advantage of the clamps 901 and 902 is that they prevent chaffing 
of the battery case by moving with the battery case under vibration loads. In addition, the 
elastomer clamps also minimize or eliminate stress concentrations building up in the battery 
case material. Stress fractures in battery cases have been observed to occur with the use of 
5 hard metallic clamping systems. 

Figure 7 shows an isometric view of the contents of an isolation container illustrating 
how battery cells may be connected in series. Three battery cells 1 003 are shown positioned 
on a bottom clamp 1001. An end plate 1002 of the isolation container is also shown. The 
battery cells in this example are shown with pressure relief vents 1004. The battery cells 

10 1003 in this example are shown with four terminals 1006 on each side of each battery cell 
1003. There maybe more or less terminals than shown in this example. The terminals 1006 
are connected by electrical bus bars 1005 and 1007. In this example, the bus bars are 
themselves connected by interconnects 1010. One of several possible electrical connection 
arrangements for this example is as follows. Bus bar 1007 may be positive in polarity and 

1 5 connect four positive terminals of the leftmost battery where all four terminals are connected 
together internally to the positive output of the leftmost battery cell. Bus bar 1008 may 
connect four negative terminals of the leftmost battery where all four terminals are connected 
together internally to the negative output of the leftmost battery cell. Bus bar 1008 then is 
connected to the four positive terminals of the center battery cell. Bus bar 1009 then is 

20 connected to the four negative terminals of the center battery and the four positive terminals 
of the rightmost battery. Bus bar 1005 connects to the four negative terminals of the 
rightmost battery cell. In this example, then, the three battery cells 1003 are connected in 
series with the positive output at the leftmost end and the negative output at the rightmost 
end. 

25 Although not shown in the example of Figure 7, it is preferred to have a layer of 

insulation material on the ends of all the battery cells. The purpose of this insulation is to 
minimize the flow of heat generated inside of each battery cell from the ends of the battery 
cells in the same way that heat flow from the top and bottom of each battery cell is minimized 
by the top clamp and a bottom clamp. In the embodiment shown in the example of Figure 

30 7, the electrode plates inside each battery cell are oriented such that the thin edges of the 
plates extend almost out to the side walls of the battery case. As will be discussed later, air 
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is forced to flow along the outside walls of the battery case to convect heat generated inside 
of each battery cell out of the interior of the isolation containers. When the top, bottom and 
ends of each battery cell are insulated, heat generated inside of each battery cell flows mainly 
out of the side walls and this maintains each electrode plate and separator assembly at 
5 approximately the same thermal conditions. This tends to extend the lifetime of the battery 
pack as a whole by maintaining each battery cell within a predetermined range of temperature 
conditions. As may be appreciated, the battery cells may be installed such that the forced 
convection air flows over the top and bottom surfaces of the battery cells rather than the sides 
as discussed in connection with Figure 8 below. The insulation material discussed above is 

10 preferably made of a material that is also tough, mitigates shock and vibration and is an 
electrical insulator. Cast urethane, for example, is such a material. Other materials include 
but are not limited to polyethylenes, nylons and teflons. Fire resistant and/or fire suppressant 
capabilities are further desired characteristics of the insulation material. For example, 
sodium bicarbonate can be used as a filler material for cast urethane. When heated beyond 

15 the melting temperature of the battery case material, the insulation material containing 
sodium bicarbonate will emit carbon dioxide which will tend to suppress any fire originating 
from a battery cell meltdown. 

Figure 8 shows an end view illustrating a cross-section of an example of forced air 
flow channels within an isolation container. A battery cell 1 106 is shown secured between 

20 a top clamp 1101 and a bottom clamp 1102 which positions the battery cell 1106 in this 
example with its side walls 1104 in the center of the isolation container 1103. In this 
example, the forced convection air cooling system forces air along both sides of the battery 
cells in the spaces 1 105 which are formed by the outside of the battery side walls 1 104 and 
the inside of the isolation container walls 1103. When operating, the battery cell 1106 

25 generates heat internally which flows to the side walls 1104 of the battery. The heat is 
conducted through the battery side walls 1 104 where it is exposed to the air flow which, in 
this example flows on both sides either into or out of the cross-sectional view. The air flow 
may be laminar but is preferably turbulent to enhance convective heat transfer of the heat 
from the side walls 1 104 into the air flow forced past the sides 1 104 and 1 103 in the flow 

30 channels 1 105. When the average heat flow from within the battery is known, the amount 
of air flow required to control the average cooling air temperature within desired limits can 
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be computed using well-known heat flow analysis coupled with the known material 
properties of the side walls 1104, the air flowing down flow channels 1105 and the flow 
geometry. Also shown is the end view of a gas channel 1110 which is in communication 
with the air flow channels 1105. The function of the gas channel 1105 is to allow gases 
5 vented from inside the battery cells by the vents (shown for example in Figure 6 as vent 906) 
to escape and be carried away by the air flow in channels 1 105. 

In a battery cell, heat is generated by I 2 R losses as current flow inside the battery cell 
encounters various internal resistances. These losses can be characterized by the average 
thermal power generated while the battery pack is in service. This heat must be dissipated 

10 to control the internal temperature of the battery cells. In the present example, internal heat 
can be conducted along the electrode plates and through the side walls of the battery case 
where it can then be wiped away by a forced air convection system. The forced air 
convection system must be capable of efficiently transferring the heat from the external side 
walls of the battery cells to the air flow. In addition, the mass flux of air must be capable of 

1 5 absorbing the heat flux from the battery cell side walls while limiting its temperature rise to 
within predetermined limits. The efficiency of heat transfer is characterized by ensuring fully 
developed turbulent air flow with a dimensionless Reynolds number in excess of 
approximately 1 0,000. Maintaining the forced air temperature rise to within a predetermined 
range of 3 degrees Celsius, for example, requires a minimum ambient air flow of at 

20 approximately 0.0005 cubic meters per second per watt of internal heat generation. 

A typical large battery pack for a hybrid locomotive is designed for a peak amperage 
output capability preferably in the range of 1,000 to 5,000 amperes and an open circuit volts 
at full charge preferably in the range of 200 to 2,000 volts. In configurations where cells are 
electrically connected in series, individual cells preferably have a thermal energy dissipation 

25 rate, based on a continuous RMS output current of 300 amperes and no active cooling, in the 
range of 0.3 degrees per hour to 3 degrees per hour. Expressed in another way, individual 
cells preferably have a thermal energy generation rate of no more than 0.2 watts per kg of 
total battery pack weight, based on a continuous RMS output current of 300 amperes. In 
configurations where cells are electrically connected in series, individual cells preferably 

30 have a thermal energy dissipation rate, based on a continuous RMS output current of 500 
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amperes and forced convection cooling, preferably in the range of 0.3 degrees per hour to 3 
degrees per hour. 

In an alternate embodiment, air ducts may be molded into the battery cases in such 
a way that two or more battery cells may be nested so that the ducts are aligned. A forced air 
5 convective cooling system similar to that described for Figure 8 can then be used to flow air 
through these ducts to cool the battery cells. In this embodiment, the battery cases can be 
fabricated with a material that absorbs shock and vibration. While this embodiment allows 
the temperature environment of battery cells to be controlled within a predetermined 
temperature range, it does not fully isolate battery cells from other battery cells in the event 

1 0 of a battery cell malfunction, meltdown or fire. However, with this embodiment, some active 
and passive fire control actions can still be taken. For example, the fans used to provide 
convective cooling can be shut down allowing shutters to close, effectively preventing further 
air intake inside of the air-flow ducts. Alternately or in addition, an inert gas or a fire 
retardant can be introduced into the air flow through the ducts to replace the air in the ducts. 

1 5 Alternately or in addition, the battery case material can be made from a material that contains 
a fire retardant or suppressant agent that can be liberated as a gas into the ducts molded into 
the battery case to dilute or replace the air in the ducts when a predetermined temperature 
threshold is exceeded. 

Figure 9 shows an end view of a two module battery pack with electrical connections. 

20 This figure illustrates a module 1701 with all its isolation containers 1702 in place. The 
individual battery cells (not shown) inside the isolation containers 1 702 are cooled by forced 
air convection which, in this example, air is forced past individual battery cells by fans 1706 
and exits by open vent holes 1709. The air exiting from individual isolation containers 1702 
is mixed by other fans (not shown) which circulate air through top vents 1708 around the 

25 front and rear sides of the module and back through bottom vents 1 707. The air flow around 
the module through vents 1 707 and 1708 is further illustrated in Figure 1 1 by air flow arrows 
2106 and 2108. This tends to mix all the air around the module to maintain approximately 
the same inlet air temperature for cooling the inside of the isolation containers 1702 so that 
all the individual battery cells are exposed to approximately the same thermal environment 

30 which, in turn, promotes longer battery cell lifetimes. The isolation containers 1702 are 
electrically connected to each other by low resistance, low inductance cables 1 703 which are 
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connected to isolation container terminals 1 704. The battery pack is preferably designed with 
connections from the battery pack to the DC traction motors having a total connecting line 
inductance of less than 10 microhenries and a total connecting line resistance of less than 10 
milliohms 

5 Figure 1 0 shows an isometric close-up view of an extended isolation container drawer 

2001 with extraction handle 2002. In this view, the first two top battery cell drawer covers 
have been removed as well as the top clamps. The battery cells 2003 are shown in place 
along with the bus bars 2005 and terminal connectors 2004 . 

Figures 3 through 10 illustrate an example of an isolation container design for 

1 0 large energy storage cells that provides a means of controlling the uniformity of temperature 
of the cells by forced air convection and of mitigating mechanical vibration and shock 
loading using shock and vibration resistant clamps which keep the batteries firmly in their 
desired position. The containers also control the number of battery cells that can be affected 
if one or more battery cells overheats, experiences a meltdown and/or a battery fire. This is 

1 5 accomplished by placing a limited number of battery cells in isolation containers where, even 
if no active fire control is available, the maximum heat that can be generated can be safely 
dissipated by the isolation container and other battery pack structural components without 
overheating battery cells in adjacent or other nearby isolation containers. An improved 
design is provided where active fire control actions can be taken. For example, the fans used 

20 to provide convective cooling can be shut down allowing shutters to close, effectively 
isolating the inside of the isolation containers from further air intake. Alternately or in 
addition, an inert gas or a fire retardant can be introduced into the isolation container to 
replace the air in the isolation container. The battery cell clamps can be fabricated with a 
material that not only absorbs shock and vibration but also is a fire retardant or even fire 

25 suppressant material which becomes activated in the event of extreme battery overheating, 
battery meltdown and/or a battery fire. Thus the design of the isolation container, which is 
primarily dictated by the requirement to control the temperature differential between 
individual battery cells, can, when necessary, also serve to isolate the individual battery cells 
from other isolation containers to control overheating, meltdown and/or fire of one or more 

30 of the battery cells in the isolation container. The use of isolation containers is also 
configured to provide electrical isolation of individual battery cells from each other so as to 
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avoid the possibilities for inadvertently shorting out battery cells. This is accomplished by 
clamping the battery cells with an electrically insulating material that does not compromise 
the shock isolation of the battery cells or the thermal balancing of the battery cells. This 
design feature also acts to extend the lifetime of the battery cells, and the battery pack as a 
5 whole, by minimizing or eliminating inadvertent short circuits. The use of isolation 
containers also readily allows inspection, monitoring, modification, servicing, maintenance 
and/or replacement of one or more battery cells in the battery pack no matter where in the 
battery pack they are located. This is accomplished by placing a limited number of battery 
cells in isolation containers where each isolation chamber can be quickly disconnected 
10 electrically and then either readily accessed or easily removed partially or completely from 
the battery pack. 

Figure 1 1 shows a schematic of a possible air flow around a battery pack. This figure 
shows a section of a typical hybrid locomotive hood 2101 that covers a battery pack 
consisting of modules 2 109. Air may be drawn into the battery compartment through louvers 

15 or vents 2 1 02 in the hood such as depicted by the arrow 2 1 03 . Air may be expelled from the 
battery compartment through other louvers or vents 2102 in the hood such as depicted by the 
arrow 2104. Air may be drawn in or expelled through louvers or vents 2102 at the top or 
bottom or either side of the hood 2101 as required. The louvers or vents 2102 may be 
partially or fully closed such as for example when the locomotive is parked or the outside 

20 temperature is very low. The air inside the hood is further circulated around each module 
2109 as depicted by arrows 2106 and 2108. The modules contain provisions such as the 
openings 2 1 07 to allow air to circulate from the top of the battery pack, around the sides and 
under the battery pack so as to approximately equalize the air temperature in the battery pack 
compartment. The air in the battery pack compartment may be free to move laterally along 

25 the sides of the modules to further mix and equalize the air temperature inside the battery 
pack compartment. 

Figure 12 shows a schematic of a possible air flow through an isolation container. 
Figure 12a shows an end view of an isolation container 2201 with a forced convection 
cooling fan 2201. Figure 12b shows a top cutaway view of an isolation container showing 
30 the battery cells 2211, the sides of the isolation container walls 2212 and the side of the 
battery walls 22 1 3 . The air flow in this example enters through the fan 2202 and flows along 
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the two sides of the batteries between the container walls 22 1 2 and the battery walls 22 1 3 and 
then exits the container through the vent hole 2222. This flow pattern is indicated by arrows 
as shown. In a cutaway view of the cells 22 1 1 , cell plates 22 1 5 are shown aligned such that 
internally generated I 2 R heat flows most readily along the plate pairs and through the sides 
5 of the cells past which forced air flows and convects the heat out of the isolation container. 
Figure 12c shows end view of an isolation container 2221 with an exit vent hole 2222. The 
fan may be installed in either or both ends of the isolation container and may blow or suck 
air to force convective cooling. The fan may cause shutters (not shown) to open when the 
fan is in operation and the shutters may close when the fan is not operating. Alternately, 

1 0 shutters need not be used. 

It is possible to monitor the voltage and temperature of each individual battery cell. 
For example, the voltage of each battery cell, when new, can be measured when charging at 
a predetermined rate and when discharging at a predetermined rate. This information can be 
stored in an on-board computer. If the internal resistance of a battery cell changes over time 

15 and increases out of its design range, the voltage measured during charging at the 
predetermined rate will be higher than when the battery cell was new. Additionally, the 
voltage measured during discharging at the predetermined rate will be lower than when the 
battery cell was new. Further, the operating temperature of the changing battery cell will tend 
to be higher than original battery cells because of the increased I 2 R losses. Therefore, by 

20 periodically monitoring battery cell temperature and voltage during charging and discharging, 
the results can be compared to the values stored in the on-board computer. If a battery cell 
is found to have a higher operating temperature than its adjacent neighbors and/or if its 
voltage during charging is higher than its design operating value and/or if its voltage during 
discharging is lower than its design operating value, then, if the battery is determined to be 

25 out of its specified range of operation, the battery cell can be shorted out to effectively 
remove it from the battery pack until it can be replaced. 

The voltage across a battery cell can be measured by a voltmeter connected across bus 
bars 2005 in Figure 10. This voltage can be read directly upon inspection or by conveying 
the voltage to the vehicle operator, a remote operator and/or to an on-board computer. The 

3 0 voltage may be conveyed by a wire connection or by a wireless technology. The temperature 
of a battery cell may be measured directly by a monitor affixed to a side or end wall of a 
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battery cell or indirectly by a monitor affixed to an inside wall of an isolation container. The 
temperature monitor can be calibrated to directly measure the temperature of the outside wall 
of the battery cell or the air temperature in the space between the battery wall and the wall 
of the isolation container or a combination of the two. Similarly, a temperature monitor can 
5 be calibrated to measure indirectly the temperature of the outside wall of the battery cell 
(such as for example by infrared sensor) or the air temperature in the space between the 
battery wall and the wall of the isolation container or a combination of the two. The 
temperatures can be read directly upon inspection or by conveying the temperature readings 
to the vehicle operator, a remote operator and/or to an on-board computer. The temperature 

10 readings may be conveyed by a wire connection or by a wireless technology. The 
temperature readings maybe made by any number of well-known means such as for example, 
thermocouples, infrared detectors, thermistors or the like. 

It is possible to measure and monitor outside or ambient temperature and the 
temperatures in the battery pack compartment at various locations such as for example at the 

15 top, bottom and around the sides of individual modules. These measurements may be 
displayed to the vehicle operator, a remote operator or stored in an on-board computer allow 
the compartment and module air circulation systems to be operated either manually or 
automatically so as to optimize the temperature level and temperature distribution for 
achieving the control necessary to better extend the lifetime of the battery cells and battery 

20 pack. A battery pack preferably has individual temperature and voltage sensors on at least 
one of every six battery cells in the battery pack and with provision for measuring overall 
battery output voltage and current. 

The design and operational procedures for a hybrid locomotive are complex and 
require co-ordinating and iterating mechanical, electrical, thermal, maintenance and safety 

25 considerations in the sizing and placement of the major components such as the generator(s) 
and battery pack on a locomotive frame. There are a number of ways in which to accomplish 
the above objectives. The preferred embodiment described herein is directed towards a 
design and operating approach that maximizes battery pack lifetime by controlling the 
mechanical and thermal environment of the battery pack such that all individual battery cells 

30 experience, as closely as possible, the same mechanical and thermal conditions. This control 
of environment in combination with an operating strategy that controls the operational SOC 
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range of the battery pack and utilizes the most advanced operational charging algorithms, all 
act to extend battery pack lifetime as defined by total ampere-hour throughput so that the 
lifetime begins to approach that of a float service battery pack. Long battery pack lifetime 
is one of the keys to a commercially viable hybrid vehicle, especially a hybrid locomotive. 
5 This is because the cost of battery energy is essentially equal to the capital cost of the battery 
pack divided by its lifetime as defined by its total ampere-hour throughput. If battery energy 
is expensive, it makes less and less sense to use generator energy to charge the battery pack. 
Even energy recovered by a regenerative braking system has a cost because (1) it reduces 
remaining lifetime of the battery pack and (2) it requires additional generator energy to 

10 transport a heavy battery pack. Ultimately, high-cost battery energy (which can result for 
example from a shortened lifetime) can negate any environmental benefits of a battery pack 
energy storage system, except in the most restrictive applications such as for example in long 
tunnels or underground stations. 

A number of variations and modifications of the invention can be used. As will be 

15 appreciated, it would be possible to provide for some features of the invention without 
providing others. For example in one alternative embodiment, the various inventive features 
are applied to vehicles other than locomotives, such as cars, railroad cars, and trucks. The 
control logic set forth above may be implemented as a logic circuit, software, or as a 
combination of the two. 

20 The present invention, in various embodiments, includes components, methods, 

processes, systems and/or apparatus substantially as depicted and described herein, including 
various embodiments, sub-combinations, and subsets thereof. Those of skill in the art will 
understand how to make and use the present invention after understanding the present 
disclosure. The present invention, in various embodiments, includes providing devices and 

25 processes in the absence of items not depicted and/or described herein or in various 
embodiments hereof, including in the absence of such items as may have been used in 
previous devices or processes, for example for improving performance, achieving ease and\or 
reducing cost of implementation. 

The foregoing discussion of the invention has been presented for purposes of 

30 illustration and description. The foregoing is not intended to limit the invention to the form 
or forms disclosed herein. In the foregoing Detailed Description for example, various 
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features of the invention are grouped together in one or more embodiments for the purpose 
of streamlining the disclosure. This method of disclosure is not to be interpreted as reflecting 
an intention that the claimed invention requires more features than are expressly recited in 
each claim. Rather, as the following claims reflect, inventive aspects lie in less than all 
5 features of a single foregoing disclosed embodiment. Thus, the following claims are hereby 
incorporated into this Detailed Description, with each claim standing on its own as a separate 
preferred embodiment of the invention. 

Moreover though the description of the invention has included description of one or 
more embodiments and certain variations and modifications, other variations and 

10 modifications are within the scope of the invention, e.g. as may be within the skill and 
knowledge of those in the art, after understanding the present disclosure. It is intended to 
obtain rights which include alternative embodiments to the extent permitted, including 
alternate, interchangeable and/or equivalent structures, functions, ranges or steps to those 
claimed, whether or not such alternate, interchangeable and/or equivalent structures, 

1 5 functions, ranges or steps are disclosed herein, and without intending to publicly dedicate any 
patentable subject matter. 
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What is claimed is : 

1 . A method for operating a battery pack, comprising: 

providing a battery pack, the battery pack comprising a plurality of battery cells, the 
battery cells being electrically connected in series; and 
5 during battery pack charging and energy removal, maintaining an internal temperature 

in each of the battery cells within about 5°C of one another. 

2. The method of claim 1, wherein the maintaining step comprises: 
passing a cooling gas through the battery pack to remove thermal energy from the 

battery cells. 

10 3. The method of claim 2, wherein the cooling gas is forced by at least one fan 

through an enclosure containing at least a portion of the battery pack. 

4. The method of claim 3, wherein the cooling gas is passed through the 
enclosure along a first flow path and wherein the cooling gas is passed through an isolation 
container along a second different flow path and wherein the isolation container contains a 

1 5 plurality of battery cells . 

5 . The method of claim 4, wherein the isolation container comprises at least one 
fan positioned in an air passage, the air passage being in communication with the first and 
second flow paths. 

6. The method of claim 3, wherein the isolation container comprises at least first 
20 and second passageways along opposing first and second surfaces of the battery cells. 

7. The method of claim 3, wherein the opposing sides of the battery cells are 
spaced from adjacent sides of the isolation container. 

8. The method of claim 1, further comprising: 

inhibiting a flow of thermal energy from top and bottom surfaces of the battery cells 
25 and/or from opposing ends of the battery cells while allowing a flow of thermal energy from 
opposing side surfaces of the battery cells. 

9 . In a battery pack comprising a plurality of battery cells, the battery pack being 
in an enclosure having at least one air input for drawing in air at a first flow rate, comprising: 

(a) determining an ambient air temperature outside of the enclosure; and 
30 (b) performing at least one of the following steps: 
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(bl) when the ambient air temperature is above a first temperature set point, 
reducing, relative to the first flow rate, an amount of air being drawn into the enclosure; and 

(b2) when the ambient air temperature is below a second temperature set 
point, reducing, relative to the first flow rate, an amount of air being drawn into the 
5 enclosure. (I assume this includes shutting the air input so that the heat from the cells haets 
the enclosure) 

10. The method of claim 9, wherein step (bl) is performed. 

1 1 . The method of claim 10, wherein a shutter is closed over the at least one air 

input. 

10 12. The method of claim 1 0, wherein a fan positioned in the at least one air input 

is turned off. 

13. The method of claim 9, wherein step (b2) is performed. 

14. The method of claim 13, wherein a shutter is closed over the at least one air 

input. 

15 15. The method of claim 1 3 9 wherein a fan positioned in the at least one air input 

is turned off. 

16. In a battery pack comprising a plurality of battery cells, the battery pack being 
in an enclosure having at least one air input for drawing in air at a first flow rate, comprising: 

(a) determining a temperature at a point within the enclosure; and 
20 (b) when the determined temperature is above a temperature set point, performing at 

least one of the following steps: 

(bl) reducing, relative to the first flow rate, an amount of air being drawn into 
at least a portion of the enclosure; 

(b2) controlling a molecular oxygen level in at least a portion of the enclosure; 

25 and 

(b3) introducing an inert or non flammable gas or a liquid into at least a 
portion of the enclosure to lower the temperature in the at least a portion of the enclosure. 

17. The method of claim 16, wherein step (bl) is performed. 

18. The method of claim 1 7, wherein a shutter is closed over the at least one air 

30 input. 
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19. The method of claim 17, wherein a fan positioned in the at least one air input 
is turned off. 

20. The method of claim 16, wherein step (b2) is performed. 

21. The method of claim 20, wherein the molecular oxygen is removed by 
5 combustion of a fire suppressant material and/or fire retardant material. 

22. The method of claim 20, wherein an inert gas is introduced into the at least 
a portion of the enclosure. 

23. The method of claim 20, wherein a fire retardant material is introduced into 
the at least a portion of the enclosure. 

10 24. The method of claim 16, wherein step (b3) is performed. 

25. The method of claim 24, wherein the liquid is vaporizable. 

26. The method of claim 24, wherein the liquid is water. 

27. A battery pack assembly, comprising: 
a plurality of battery cells; 

15 a battery rack; and 

a plurality of isolation containers supportably mounted on and movably engaging the 
battery rack, each isolation container comprising a number of battery cells. 

28. The battery pack assembly of claim 27, wherein each isolation container 
comprises at least one of the following features: 

20 (i) an airflow path passing through the isolation container to remove thermal energy 

from the enclosed battery cells; 

(ii) a shock and vibration absorption assembly to substantially maintain shock and 
vibration levels within predetermined maximum values; and 

(iii) an electrical isolation assembly to substantially inhibit contact of at least a portion 
25 of each battery cell with a conductive surface of at least one of the isolation container and 

battery rack. 

29. The battery pack of claim 28, wherein each isolation container includes feature 
(i) and a surface of the airflow path is provided by a surface of the outer casings of the 
enclosed battery cells. 
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30. The battery pack of claim 29, wherein each isolation container includes an air 
input and output and wherein the air input and output are located on differing surfaces of the 
isolation container to provide the airflow path, 

3 1 . The battery pack of claim 30, wherein the isolation container comprises a fan 
5 positioned in the airflow path. 

32. The battery pack of claim 30, wherein in each battery cell the outer case 
casings house a plurality of plate pairs and wherein the airflow path is defined by a plurality 
of interlocking ducts molded into the outer casings of a number of adjacent plate pairs. 

33 . The battery pack of claim 28, wherein each isolation container includes feature 

10 (ii). 

34. The battery pack of claim 33, wherein the shock and vibration absorption 
assembly is a vibration resistant clamp engaging at least one surface of a battery cell. 

3 5 . The battery pack of claim 3 3 , wherein the clamp comprises a gas flow channel 
in fluid communication with at least one gas vent of the battery cell to direct vented gas into 
1 5 the isolation container and wherein the clamp is configured to center each of the battery cells 
in the isolation container. 

36. The battery pack of claim 28, wherein each isolation container includes feature 

(iii). 

37. The battery pack of claim 36, wherein the electrical isolation assembly is an 
20 electrically insulative clamp engaging at least one surface of a battery cell. 

38. The battery pack of claim 36, wherein the clamp comprises at least one of 
polyurethane, polyethylene, nylon, teflon, and mixtures thereof. 

39. The battery pack of claim 27, wherein each isolation container is an enclosure 
comprising end surfaces, top and bottom surfaces, and side surfaces, wherein each isolation 

25 container moves outwardly in a drawer-like manner, and wherein the top surfaces comprise 
at least one inspection door for accessing the enclosed battery cells when the isolation 
container is displaced outwardly from the battery rack. 



WO 2005/114811 



PCT/US2005/017393 



1/12 




WO 2005/114811 



PCT/US2005/017393 



2/12 




WO 2005/114811 



PCT/US2005/017393 




WO 2005/114811 



PCT/US2005/017393 




WO 2005/114811 



PCT/US2005/017393 




WO 2005/114811 



PCT/US2005/017393 




WO 2005/114811 



PCT/US2005/017393 



8/12 




WO 2005/114811 



PCT/US2005/017393 




WO 2005/114811 



PCT/US2005/017393 



10/12 




WO 2005/114811 



PCT/US2005/017393 



11/12 




WO 2005/114811 



PCT/US2005/017393 



12/12 




